Flocculation is a special phenomenon for fine sediment or silt in reservoirs and estuaries. Flocculation usually results in changes of size, morphology, and settling velocity of sediment particles and finally changes of bed topography of reservoirs and estuaries. e process of flocculation and sedimentation was simulated based on population balance modeling (PBM) and computational fluid dynamics (CFD); the changes of particle or floc size and their settling velocities over time were examined. e results showed that flocculation is a dynamic and nonlinear process containing aggregation, breakage, reaggregation, and rebreakage between particles, microflocs, and macroflocs. Furthermore, the visual process of flocculation and sedimentation was directly created by the simulation results and is in good agreement with the results of the previous experiments.
Introduction
Flocculation (floc) of fine sediments is a research focus in the theory of sediment movement mechanics. Many phenomena of the settling velocity of sediment, such as sediment topography of the estuary (sediment barrier), the formation of non-Newtonian fluid, huge sediment-carrying capacity, and pulp rivers, are related to the flocculation of fine sediment [1, 2] . Flocculation has often been observed in marine and estuarine environments as well [3] . Experimental studies on the characteristics of floc and their influencing factors were conducted by many researchers, and a series of results were achieved [4] [5] [6] . In this study, we mainly investigate the mathematical modeling of flocculation and sedimentation in three dimensions. e mathematical model of flocculation came into focus, when Witten and Sander [7] first established the diffusionlimited aggregation (DLA) model. e growth process of floc was simulated using the DLA model in a 2D space, and three methods for calculating the fractal dimension of floc were compared by Jin et al. [8] . Qin et al. [9] developed a 3D model for the growth of floc using the DLA model as a base. e fractal dimensions of 3D DLA aggregates are higher than those of 2D DLA aggregates, according to Liu et al. [10] . However, the DLA model assumes that there is a stationary particle within the central, which is far from the actual situation. en, Meakin [11] improved the model and proposed a diffusion-limited cluster-cluster aggregation (DLCCA) model. Gimel et al. [12] studied the process of solgel transition with the DLCCA by Monte Carlo simulation. Zhang and Zhang [13] found the drag forces on flocs formed by DLCCA are larger than those formed by DLA. However, there still are two assumptions of the above model that need to be improved. First, the particle is limited to a uniform sphere; second, the process of breakage is always neglected resulting in large deviations with reality. e population balance model (PBM) [14] [15] [16] [17] , consisting of aggregation and breakage mechanisms, successfully solved the assumptions mentioned above [18, 19] . Due to the theory of collision frequency and collision efficiency, the process of aggregation and breakage can be better reflected in the PBM [20] . e aim of this study is to apply the PBM to the flocculation and sedimentation process in three dimensions. PBM was incorporated into the computational fluid dynamics (CFD) model by implementing the multiple size group model. e CFD-PBM combination is an effective method to solve the processes of flocculation and multiphase flow simultaneously [21] . In this study, the process of flocculation and sedimentation and characteristics of flocs across different time periods with validation are presented using experimental data from the literature.
Model Description and Methods

CFD Implementation.
e process of flocculation and sedimentation is the process of a typical solid-liquid two-phase flow interaction. erefore, the Euler-Euler model was employed within the flocculating system [22] .
Continuity Equation.
z zt
where ∇ is the Hamiltonian; S q is the source item; α q and ρ q are the volume fraction and density of phase q, respectively; p and q represent different phases; v → q is the velocity of phase q; and _ m pq and _ m qp characterize the mass transfer within the different phases. e source term S q on the righthand side of equation (1) is zero by default.
Momentum Equation.
e momentum balance for phase q yields:
where τ q is the q th phase stress-strain tensor and g → is the gravity acceleration.
where μ q and λ q are the shear and bulk viscosity of phase q, F → q is an external body force, F → lift,q is a lift force, F → wl,q is a wall lubrication force, F → vm,q is a virtual mass force, and F → td.q is a turbulent dispersion force (in the case of turbulent flows only). R → pq is an interaction force between phases, and p is the pressure shared by all phases. Finally, v → pq is the interphase velocity.
Turbulence Modeling.
A standard k − ε turbulence model was employed because it reduces the computational effort and increases the reasonable accuracy of the model [23, 24] .
In these equations, k is the turbulence kinetic energy; ε is the turbulent energy dissipation rate; and G k represents the generation of turbulence kinetic energy due to the mean velocity gradients. G b is the generation of turbulence kinetic energy due to buoyancy. Y M represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. C 1ε , C 2ε , and C 3ε are constants. σ k and σ ε are the turbulent Prandtl numbers for k and ε, respectively. S q is the user-defined source term.
Population Balance Model.
Assuming that ϕ is the particle volume, the transport equation for the number density function is given as
where n(V, t) is the number density of particles of volume V at time t; ∇ is the Hamiltonian; u → is the particle velocity; G is the linear growth rate; and G � zL/zt; B ag , D ag , B br , D br represent the birth and death rates due to aggregation and breakage respectively [25, 26] . ey are given as [27] 
where particles of volume V − V ′ aggregate with particles of volume V ′ to form particles of volume V. e factor 1/2 is included to avoid accounting for each collision event twice.
N is the number of child particles produced per parent particle. e Luo and Ghadiri models were adopted to study the aggregation and breakage processes between particles, respectively [28] .
Experimental. Flocculation and sedimentation exper-
iments were performed on particles diluted to 5 g/L and 15 g/L solid in deionized water in a 1000 ml graduated cylinder. Particles, with a mean diameter of 39.63 μm, were used as the model suspension. ey were obtained from Luohe aqueduct in the Yellow River. Deionized (DI) water with a pH of 7.1 was employed for all experimental work. All experiments were carried out in two steps. First, particles were dispersed by vigorous stirring at 200 rpm for 3 minutes to prepare the suspensions, followed by 5 minutes of slow stirring. e settling velocity of floc was recorded during the process. e settling velocity was calculated using the distance traveled by a floc and the travel time measured by a digital-display stopwatch. Second, the floc suspension was transferred to glass slides with a pipet (8 mm inner diameter mouth) and then freeze-dried. Finally, images of the flocs were captured by a microscope imaging system and analyzed by the Image pro Plus 6.0 software; this is how the size of the floc was measured. e detailed results for the flocculation and sedimentation experiments are presented previously [29] .
Numerical Details.
e Ansys Fluent 15.0 software was used to solve the equations of mass, momentum, and population balance equations. Considering that the previous experiment of flocculation and sedimentation were carried out in a 1000 ml graduated cylinder, the three-dimensional geometry of this cylinder was built with a 0.068 m diameter and 0.44 m height. e details of the experimental data can be found in the cited references [29] . Meshing was implemented using a structural mesh of 0.04 mm grid sizes. e total number of nodes is 1,642,170. Figure 1 shows the geometry with the mesh.
Water was chosen as the growth medium liquid phase. Considering the range of the initial particle diameter, the solid dispersed phase was divided into 6 groups (Table 1) . Each group was considered as having an individual percentage. e floc was formed by collision within particles, along with the interaction of the velocity and flow fields. A coupled solver was used to solve the momentum and pressure items. A second-order backward scheme was adopted for temporal discretization. e convergence criteria were set to 0.0001 for all variables. Based on the previous experiment, the boundary conditions of the inlet were defined as the velocity inlet, and other parts were defined as the wall. All procedures explained were conducted by using the Ansys Fluent 15.0 software package [24] .
Results and Discussion
Flocculation and Sedimentation.
e critical size of flocculation between particles is 0.01∼0.03 mm for different water quality and particle properties [30] . e specific value should be determined by the local environment conditions. For example, in estuary coastal areas, when fine sediment particles occupy a large proportion, even if the particle size is greater than 0.03 mm, we should consider the influence of flocculation. Two conditions must be met for flocculation: first, there must be a certain collision frequency during the process; second, the collision efficiency is also very important. Brownian motion, applied shear and differential sedimentation are three mechanisms for the collisions. e process of flocculation and sedimentation between particles or flocs is shown in Figure 2 . e phenomenon of aggregation and breakage can be clearly observed during the process of flocculation and sedimentation, as shown in Figure 2 . For example, the aggregation of particles is more clearly reflected in the images Journal of Chemistry of T � 5 s and T �10 s. e particle size and number of flocs increase significantly. Breakage of macroflocs is also more clearly reflected from the image of T � 30 s. is is the result of effective collisions between the particles. ere are three different states during the flocculation and sedimentation process: particles, microflocs, and macroflocs. According to Manning and Dyer [31] , 0.16 mm is the critical size of microflocs and macroflocs. Although they have three different states, they are not fixed. e process of flocculation and sedimentation is a dynamic and nonlinear process of aggregation, breakage, reaggregation and rebreakage.
It can also be seen from Figure 2 that aggregation takes place as a result of particle-particle, particle-microflocs, or microflocs-microflocs collisions, leading to the formation of macroflocs. Additionally, the flocs are all highly irregular in shape and structure. Lee et al. [32] believe that there are four typical processes of flocculation in two-class PBM: (1) aggregation between microflocs, (2) aggregation between microflocs and macroflocs, (3) aggregation between macroflocs, and (4) breakage of macroflocs. Gregory and Zabel [33] also conceived the morphology of flocs during sedimentation, and compared to their regimes, the calculation results of flocculation and sedimentation in Figure 2 are indeed correct.
Particle or Floc Size.
e time series of the particle or floc size during flocculation and sedimentation is predicted with CFD-PBM, as shown in Figure 3 . It can be observed from Figure 3 that the size profiles of the particles or flocs initially decrease and then increase, especially for the first three Bins (Bin 0∼Bin 2). e reason is that there were a large number of particles with a high collision frequency in the first 10 s resulting in a large shearing effect. However, as the collision frequency increased, the collision efficiency also gradually increased. en after 10 s, the floc size began to increase. Around 15 s, the curves show a maximum point. Microflocs gradually appeared. e stage of 15∼24 s is a relatively stable stage. Relative to the initial phase, the size increased significantly. However, after 24 s, the curve increased dramatically, indicating that macroflocs gradually appeared. e volume of macroflocs is larger than that of a sphere because macroflocs usually have an irregular and porous structure [34] . Combined with Figure 2 , the process of flocculation and sedimentation can be summarized into three stages: first, 0∼15 s, which is primarily the interaction between particles; second, 15∼24 s, which is primarily the interaction between microflocs; third, 24∼30 s, which is primarily the interaction between macroflocs. e photos and size of the flocs as shown in Figure 4 were obtained based on the previous experiments, which were measured using a research grade microscope imaging system (U-HGLGPS, OLYMPUS company, Japan) and Image Pro Plus 6.0 software. Particles, microflocs, and macroflocs are three different states with a huge difference in size. e average and maximum size of flocs in the experiments were 174.84 μm and 364.49 μm, respectively, which may correspond to the size of microflocs and macroflocs. Additionally, the size of flocs in the model described quite well with the variation of the experimental flocs size. It is confirmed that the proposed model offers a good approximation for the flocculation and sedimentation. e collision frequency between particles can result from Brownian motions, shear flow, or differential settling [35] . In this study, the shear flow and differential settling are the main causes of particle or floc collision. Vajihinejad and Soares [34] observed the same trend as in Figure 3 . ey believed that there is a dispersal time for particles or polymer within the suspension before flocculation occurs. After that time, they grow quickly to a maximum value, and then reach an equilibrium stage [36] . Heath et al. [37] believed that the size decrease was caused by polymer degradation. From the results of this study, we believe that this phenomenon can be explained by shear effect and differential settling. Shear effect focuses on the early stage, while differential settling influences the later stage. In addition, an increase of the curve results from the aggregation of particles or flocs, while the fluctuation of the curve is a symbol of equilibrium. During the equilibrium stage (fluctuation stage between 25 s∼30 s), 
Particle or Floc Settling Velocity.
e settling velocity is a key parameter in modeling the settlement process in sedimentation analysis and sediment transport. For noncohesive particles, the settling velocity is dependent on the individual particle size, gravity, and particle shape, which substantially differs from the settling velocity of floc. For example, due to the process of flocculation, muds are often changed to flocs during suspension in estuary coastal areas [38] . For such flocs, the size, shape, and settling velocity all become a dynamic process. erefore, it is necessary to know the Journal of Chemistry dynamic treatment of the settling velocity in order to more accurately evaluate and predict the sediment transport processes. However, most of the research on this topic is mainly concerned with the relationship between the floc settling velocity and its size, while there remain only a few studies on the time series of the floc settling velocity. We examined the differences in settling velocity functionality with time and the differences of settling velocities in different directions, as shown in Figure 5 . Note that N � 33 in Figure 5 means the total number of settling velocities obtained from the experiments is 33.
It should be noted that from Figure 5 , the curve of the settling velocity decreased in 0∼15 s and then increased in 15∼30 s regardless of the direction. e main reason for this phenomenon is that the collision frequency was higher at the beginning, resulting in a large shear effect. Due to the shearing effect, the floc began to experience breakage, resulting in decreasing size. Another reason is that there is a resistance effect from the particles on the lower position to the particles on the upper position. Li et al. [39] believe that a rigid network was formed by aggregated particles, resulting in a sharp decrease of the settling velocity. As mentioned above, after 15 s, the collision efficiency increased. e effect of aggregation was more powerful than the effect of breakage, resulting in an increase of the settling velocity. It can also be observed from Figure 4 that the settling velocity of u is significantly greater than the settling velocities of either v or w. e effect of the boundary of the settlement area is negligible. Experimental studies were also conducted on the flocculation of cohesive sand suspensions [29] . e settling velocities of the flocs in those experiments were 0.003∼0.011 m·s − 1 for particles whose concentration is 5 g/L and 0.005∼0.015 m·s − 1 for particles whose concentration is 15 g/L, while the calculated settling velocity used in this study is 0.0038∼0.012 m·s − 1 in 15 s∼30 s ( Figure 5 ). e calculated data is much closer to the experimental results.
For the variation of the curve in 0∼15 s, some authors [40, 41] believe that an uneven distribution of the shear rate is the main reason for the decrease of floc size. Selomulya et al. [20] suggest that size reduction is caused by the irregular and porous structure of flocs, making their structures more compact. e settling velocity is a function of size and density, and they have the same change law. We believe that aggregate rupture was the main reason for the curve decreasing in 0∼15 s, while aggregate surface erosion was the main reason for the curve fluctuation in 25∼30 s, as shown in Figure 6 . In the early phase, due to the aggregate rupture, the number of flocs increased, but the size decreased. On the contrary, in the later phase due to the aggregate surface erosion, the size of floc increased significantly [42] . e results presented in this paper confirm both hypotheses.
Conclusions
PBM was proven to be a more advanced model that is capable of approximating flocculation and sedimentation of particles better than previous versions. In contrast to the DLA or DLCCA model, the PBM can simultaneously simulate both the aggregation and breakage processes between microflocs and macroflocs with irregular shape. e presented results lead to the following conclusions:
(1) Particles, microflocs, and macroflocs are the three important states during the process of flocculation and sedimentation. is process is a dynamic and nonlinear process of aggregation, breakage, reaggregation, and rebreakage. (2) ere are three stages in the process of flocculation and sedimentation corresponding to the three above states. Shear effect focuses on the decrease of floc size, while differential settling influences the increase of floc size. Eventually, the equilibrium phase appears in which the breakage rate is equal to the aggregation rate. (3) e process of flocculation and sedimentation can be reasonably described by aggregate rupture and aggregate surface erosion. ey are two different mechanisms important for the settling velocity decreasing in the early stage and fluctuating in the late stage.
Finally, CFD-PBM is an effective method to study the dynamics of flocs and their influence on flocculation and sedimentation, in order to not only gain a deeper understanding of flocculation dynamics, but also to improve the theory of sediment movement.
Nomenclature
∇:
the Hamiltonian S q : source item α q : volume fraction of phase q 
